The total bile acid formation was within normal limits in patients with hyperlipoproteinemia types Ha and MIb. On the average the production of cholic acid (C) represented less than 50% of the total bile acid synthesis in both groups. The corresponding value recorded for the controls was 64±2% (mean±i-SEM). The synthesis of C in hyperlipoproteinemia type Ha was significantly below normal. Of the 27 patients with the type IV pattern, 18 had a synthesis of C and C + chenodeoxycholic acid (CD) that exceeded the upper range recorded for the controls. In these subjects the C formation represented 73±3% of the total bile acid synthesis. Similar findings were also encountered in the five patients with the type V lipoprotein pattern studied. The bile acid pool size of the 11 patients with hyperlipoproteinemia type IV, who had been cholecystectomized or suffered from cholelithiasis, was 900 mg smaller on the average than that of the other subjects with the same type of hyperlipoproteinemia. However, the pool size in the former subjects still tended to be higher than that of the control subjects without evidence of gallbladder "disease". In all groups of subjects the formation of bile acids tended to be higher in the male than in the female subjects. Bile acid synthesis showed no linear correlation to actual body weight, relative body weight, or body surface area. A moderate weight reduction in five patients (one with type IIb and four with type IV pattern) was followed by a 50% reduction of the C and CD synthesis.
acid. The diet was standardized and of natural type. The total bile acid formation was within normal limits in patients with hyperlipoproteinemia types Ha and MIb. On the average the production of cholic acid (C) represented less than 50% of the total bile acid synthesis in both groups. The corresponding value recorded for the controls was 64±2% (mean±i-SEM). The synthesis of C in hyperlipoproteinemia type Ha was significantly below normal. Of the 27 patients with the type IV pattern, 18 had a synthesis of C and C + chenodeoxycholic acid (CD) that exceeded the upper range recorded for the controls. In these subjects the C formation represented 73±3% of the total bile acid synthesis. Similar findings were also encountered in the five patients with the type V lipoprotein pattern studied. The bile acid pool size of the 11 patients with hyperlipoproteinemia type IV, who had been cholecystectomized or suffered from cholelithiasis, was 900 mg smaller on the average than that of the other subjects with the same type of hyperlipoproteinemia. However, the pool size in the former subjects still tended to be higher than that of the control subjects without evidence of gallbladder "disease". In all groups of subjects the formation of bile acids tended to be higher in the male than in the female subjects. Bile acid synthesis showed no linear correlation to actual body weight, relative body weight, or body surface area. A moderate weight reduction in five patients (one with type IIb and four with type IV pattern) was followed by a 50% reduction of the C and CD synthesis.
INTRODUCTION
Hyper-fi-lipoproteinemia (type II) 1 and hyperpre-filipoproteinemia (type IV) are the two types of abnormal lipoprotein pattern most commonly encountered (1) . Several reports demonstrate that the two disorders differ with regard to the homeostatic control of cholesterol metabolism. Kottke (2) , Einarsson and Hellstrdm (3) , and Wollenweber and Stiehl (4) studied the turnover of cholic acid (C) and chenodeoxycholic acid (CD) , and demonstrated that the formation of bile acids is low in patients with the type II as compared to those with the type IV lipoprotein pattern. In accordance with these observations, the fecal excretion of bile acids was found to be higher in hypercholesterolemic subjects when the hypercholesterolemia is associated with hypertriglyceridemia (5, 6) .
The mechanism(s) behind the different bile acid turnovers in hyperlipoproteinemia types II and IV is not known. The present investigation is an extension of the previous one (3) and is aimed to characterize the bile acid kinetics in normolipidemic controls and in patients with four types of hyperlipoproteinemia under the same dietary conditions. Particular attention was paid to the possibility of sex differences and the effects of obesity and gallbladder disease known to influence the bile acid excretion (7) and the bile acid pool size (8) (9) (10) , respectively.
METHODS
The subjects. The study comprised 76 subjects, 35-67 yr of age. Findings from some of the patients (4 with type 1Abbrevations used in this paper: C, cholic acid; CD, chenodeoxycholic acid; D, deoxycholic acid; GBD, gallbladder disease; LDL, low density lipoprotein; TFA, trifluoroacetic esters; type II, hyper-,S-lipoproteinemia; type IV, hyperpre-p-lipoproteinemia; VLDL, very low density lipoproteins. Wilzbach (13) . The material then underwent repeated saponification and extraction procedures followed by repeated purifications by reversed phase-partition chromatography. Before use, part of the material was again subjected to reversed phasepartition chromatography and then diluted with unlabeled CD to give a substance of desired specific radioactivity. Cholecystokinin was obtained from the Gastrointestinal Hormone Research Group, Chemical Department, Karolinska Institutet, Stockholm. Methods. Serum cholesterol was measured using a Technicon AutoAnalyzer (Technicon Instruments Corp., Tarrytown, N. Y.) and triglycerides by the method described by Laurell (13) . The serum lipoproteins were separated by electrophoresis on agarose gel. The various bands were stained with Sudan black and evaluated quantitatively by densitometry (3). The upper normal limit for the pre-and the f9-lipoproteins was set at 25 and 60%o, respectively.
The corresponding values for serum lipids were 270 mg/100 ml (total cholesterol), 210 mg/100 ml (p-cholesterol, determined in part of the patients), and 180 mg/100 ml (triglycerides). A creamy top layer of serum samples left at 4°C overnight was used as evidence of the presence of chylomicrons. Glucose tolerance was assessed with an intravenous glucose tolerance test (14) . A k-value below 0.9 was considered abnormal. The diet was analyzed with regard to cholesterol content essentially as described in a previous paper (15) .
The duodenal bile samples were hydrolyzed with N KOH in closed steel tubes for 12 h at 110°C. The deconjugated bile acids were extracted with ethyl ether and the specific activities of C and CD were determined by one or two methods. (16) .
With the other method, the methylesters were separated by thin-layer chromatography on plates coated with silica gel (thickness 0.25 mm). The chromatograms were developed in trimethylpentane: ethyl acetate: acetic acid (10: 10:2, vol/vol). The gel containing the bands with C and CD were scraped off separately. C was recovered by three extractions with methanol. To remove material interfering with the TFA formation, the gel corresponding to CD was placed on the top of silicic acid columns (height 3 cm, ID 0.5 cm) subsequently eluted with ethyl acetate. The solvents were evaporated, the TFA derivatives prepared, and the specific radioactivity determined as above. Further details about the methods used will be found in a previous paper (3).
The half-life, pool size, and turnover of C and CD were determined as outlined by Lindstedt (17) . The correlation coefficients for the specific activity decay curves recorded for both C and CD averaged 0.98±0.01 (mean+SEM).
Due to nonspecific losses of tritium, the pool size and turnover of CD will be slightly overestimated with the method used. To evaluate this error, CD labeled either uniformly with 'H or by 14C at the 24th carbon atom was administered simultaneously to five subjects who subsequently underwent the same experimental procedure as above (18 
RESULTS
Kinetics of C and CD in subjects without gallbladder disease (GBD, cholelithiasis, or cholecystectomy). The pool size, synthesis, and fractional turnover of C in the control subjects averaged 821+129 mg, 253±42 mg/day, and 0.38+0.08 (mean±SEM), respectively (Table III) . The hyperlipidemic patients did not differ from the controls with regard to the C fractional turnover but the mean C pool size was above the normal range in hyperlipoproteinemia type IV. The synthesis of C was subnormal in type Ila (150+17 mg/day) and abnormally high in the type IV patients (778±115 mg/day).
The controls had the smallest CD pool size (575 ±78 mg), significantly higher values being recorded for the patients with the type Ilb pattern (1,110+113 mg). The formation of CD averaged 131+40 mg/day in the controls and 251+33 mg/day in the patients * The number of subjects is within parentheses; the data on part of the subjects were included in a previous report (3).
$ Significantly different from controls without GBD, P < 0.05 or <0.02. § Significantly different from controls without GBD, P < 0.01 or <0.005. II Significantly different from controls without GBD, P < 0.001. ¶ Significantly different from type IV patients without GBD, P < 0.05 or <0.01.
with hyperlipoproteinemia type IV (P < 0.05). Although not significant on a statistical basis, the fractional turnover of CD tended to be lower than that of C in all groups of subjects. The combined pool size of the two primary bile acids and the total bile acid turnover showed qualitative as . The data about some of the patients were included in a previous report (3) .
well as quantitative differences among the various groups (Table III) . In the controls the mean pool size and the turnover of C + CD were 1,396±191 mg and 383±47 mg/day, respectively. C was the dominant bile acid, on the average exceeding CD by factors of 1.4 (pool size) and 1.9 (synthesis).
The patients with hyperlipoproteinemia types Ha and Ilb were characterized by a low C: CD ratio of both bile acid pool size and synthesis. The average quotient encountered for bile acid synthesis was less than half that recorded for the controls. However, the total bile acid formation was within the normal range in both types Ha and HIb, as was the combined C and CD pool size in type Ha. This parameter was 400 mg higher on the average in the type IIb patients than in the controls (Table III) .
Due to the large pool size in the patients with hyperlipoproteinemia type IV, the combined pool size of C and CD was almost twice as high as in the controls. The mean total bile acid formation averaged 1,029±124 mg/day in the type IV patients thus exceeding that of the controls by a factor of 2.7. Accordingly, the ratios for the C: CD pool sizes and turnovers tended to be above the normal range.
Bile acid kinetics in subjects with GBD. Altogether 11 patients with hyperlipoproteinemia type IV were cholecystectomized or had cholelithiasis. As compared with the other patients with the type IV lipoprotein pattern, those with GBD had higher fractional turnovers and smaller pool sizes of CD (Table III) . Although not significant, a similar tendency was observed for C. The combined pool size of C and CD was about 900 mg smaller on the average in the patients with Significiently different from controls, P < 0.001.
GBD. The synthetic rate of both bile acids was not influenced by the anatomical state of the biliary tract.
A tendency of a reduction of the total bile acid pool size in association with a "normal" bile acid synthesis was also observed in the other patients suffering from GBD. Since 23 of the 76 subjects investigated were cholecystectomized or had cholelithiasis, most of the discussion below will be limited to bile acid formation. Bile acid kinetics (total series). Individual data for the synthesis of C and C+ CD are demonstrated in Fig. 1 . In keeping with the values obtained in subjects without GBD, the formation of C in the patients with hyperlipoproteinemia type Ha (161±18 mg/day) was significantly (P < 0.02) lower than that recorded for the controls (247±34 mg/day). The corresponding results encountered for the patients with type IV (762 ±86 mg/day) and type V (587±+128 mg/day) exceeded those of the controls (P < 0.001 and < 0.01, respectively). The total bile acid formation was within the normal range (379±47 mg/day) in hyperlipoproteinemia type Ha and IIb but abnormally high in type IV (1,001±94 mg/day) and type V (822±173 mg/day). In 18 of the 27 patients with type IV, the total bile Significantly different from M, P < 0.05. § Significantly different from M, P < 0.01 or <0.005.
acid synthesis was higher than the highest value recorded for the controls (Fig. 1) .
C constituted 64±2% of the total bile acids produced in the controls and on the average, less than 50% of those synthesized in the patients with hyperlipoproteinemia type II (Table IV) . The subjects with hyperlipoproteinemia type V were similar to those with the type IV pattern. C represented about 70% of the total bile acid production in those two groups.
Bile acid composition in duodenal bile. Aliquots of saponified specimens of duodenal bile from some of the subjects were analyzed by GLC without further fractionation (Table V) . Disregarding the small peaks corresponding to lithocholic acid, the gas chromato- The data on part of the subjects were included in a previous report (3) .
grams demonstrated that on the average, 35.6, 33.6, and 30.8% of the biliary bile acids in the controls were made up of C, CD, and deoxycholic acid (D), respectively. The composition of the bile acids in duodenal bile of the hyperlipidemic patients was essentially the same as in the controls in the presence as well as in the absence of GBD. The C: CD ratios for the concentrations of bile acids in duodenal bile were not the same as the corresponding ratios for pool sizes (Table V) . Whereas the former ratios tended to be higher than the latter in hyperlipoproteinemia type II, they were lower in hyperlipoproteinemia type IV. A similar tendency, although less pronounced, was observed in the controls.
Bile acid synthesis in relation to sex. In all groups except the small one with the type V lipoprotein pattern, the bile acid synthesis tended to be higher in the male than in the female subjects (Fig. 2) . The difference between the sexes was significant with regard to CD in the controls (P <0.05), for C (P < 0.01), and C and CD (P <0.02) in hyperlipoproteinemia type Ha. The formation of C in the men with the type IV pattern differed significantly (P <0.005) from those of the male controls. The daily synthesis of CD in the women with hyperlipoproteinemia types Ha and Ilb exceeded that of the female controls (P< 0.005 and <0.02, respectively). The C production in the four women with the type IV pattern was within the normal female limit.
Although it is not significant on a statistical basis in the males with hyperlipoproteinemia type Ha, the synthesis of C represented a subnormal fraction of the total bile acid formation in both sexes. The corresponding figure calculated for the males with hyperlipoproteinemia type IV exceeded the range encountered for the male controls (Fig. 3) .
The men tended to be heavier than the women. The difference reached significant levels in the controls CHOLIC ACID SYNTHESIS (mg/day) FIGURE 5 Synthesis of C (logarithmic value) in relation to actual body weight. The data on part of the subjects were included in a previous report (3) .
and in the patients with hyperlipoproteinemia type MIb. The two sexes did not differ with regard to serum cholesterol level but the serum triglyceride concentration was higher in the male than in the female controls (Table VI) . Bile acid synthesis in relation to body weight and serum lipids. The formation of C, CD, and C + CD was plotted against actual weights, relative weights (percentage of ideal weights), overweight and body surface area. The three latter parameters showed no correlation to bile acid synthesis. C production was slightly correlated to actual body weight (r = 0.32, P <0.05) in the group comprising both controls and subjects (mg/10mI) FIGURE 6 Synthesis of C in relation to serum triglyceride level. The data on part of the subjects were included in a previous report (3) .
with the types Ha and IIb lipoprotein pattern. On combining all subjects except those with hyperlipoproteinemia type V, the relation between C and C + CD synthesis appears to be definitely nonlinear over a body weight of 75-80 kg, i.e., the lower limit for many patients with hyperlipoproteinemia type IV (Fig. 4) . However, as shown in Fig. 5 there was a highly significant correlation between the actual body weight and the logarithmic values of the C and C + CD formation. In the complete series of subjects (type V excluded), the triglycerides were correlated to the pro- Pr duction of C (r = 0.50, P < 0.001, Fig. 6 ), CD (r = 31, P<0.01), and C+CD (r= 0.52, P<0.001). No correlation was found between serum cholesterol level and bile acid synthesis.
To obtain further information concerning the possible relationship between bile acid kinetics, body weights, and serum lipids, five male patients, one with hyperlipoproteinemia type IIb (no. 5, Table VII) and four with type IV lipoprotein pattern (nos. 1-4, Table VII) were re-examined after 3-26 mo when they had voluntarily reduced their weight 5-13 kg. The diets used were exactly the same on both turnover studies. Before the second study the body weights had been fairly stable (±1 kg) for 24, 9, 3, 0.5, and 17 mo in patients 1, 2, 3, 4, and 5, respectively. In all subjects, the weight reduction was associated with a decrease in the serum triglyceride level and in the synthesis of C, CD, and C+ CD. All these parameters were 50% lower on the average than in the first study (Table VII) .
Bile acid synthesis in patients with abnormal glucose tolerance. Of the patients with hyperlipoproteinemia type IV, 9 had a normal, 4 a borderline, and 10 an abnormal glucose tolerance. The patients in the latter groups were heavier and tended to have higher serum triglyceride levels. No consistent differences were observed with regard to bile acid formation.
Bile acid synthesis in relation to dietary intake. The composition of the diet was almost identical in all subjects with regard to the percentages of fat, protein, and carbohydrate. The caloric intake prescribed to keep body weight constant ranged between 1,500 and 2,200 kcal/day. In the complete series of patients, the synthesis of C and C + CD was uncorrelated to the amount of calories ingested.
DISCUSSION
Several investigations with the isotope dilution technique have demonstrated that the pool size and synthesis of C in healthy subjects given diets of natural type average about 1,200 mg and 300 mg/day, respectively (8, 9, 17, 19, 20) . In accordance with the results recorded for the normolipidemic controls in the present study, the synthesis of CD has been found to be about half that of C (9, 20) . Similar results concerning the ratio between the synthetic rates of the two primary bile acids were reported recently by Quarfordt and Greenfield (21) , who studied the metabolic fate of [1-1H] cholesterol.
The radioactive CD used by Vlahcevic, Miller, Farrar, and Swell (20) was labeled with 1uC in the 24th carbon atom, the one employed by Danzinger, Hofmann, Thistle, and Schoenfield (9) Studies of bile acid kinetics by isotope dilution technique require steady-state conditions, i.e., synthesis has to equal excretion and the bile acid pool size has to be constant during the experimental period. Since bile acid formation in animals (22) (23) (24) (25) , as well as in man (9, 26, 27) , is regulated by the amount of bile acids reaching the liver by the portal vein, changes of intestinal microflora and motility may influence bile acid kinetics. To keep the patients in a steady state, they were maintained on a carefully standardized diet which was tolerated without complaints. None had received drug treatment because of hyperlipoproteinemia or antibiotics for at least 1 mo before the study.
The present study demonstrates that bile acid kinetics in hyperlipidemic subjects differ from those in controls.
A consistent finding in patients with hyper-g-lipoproteinemia was the subnormal formation of C, in many cases compensated for by a slight elevation of the CD production. However, the total bile acid synthesis in hyperlipoproteinemia type IHa as well as in type IIb was within the normal range. The relationship was quite different in patients with types IV and V lipoprotein patterns. Due almost exclusively to a high C formation, the total bile acid synthesis was two to three times higher on the average than in the controls.
Apart from the difference in their serum lipoprotein pattern, the various groups of subjects differed with regard to the incidence of biliary tract "disease" (gallstone or cholecystectomy), abnormal glucose tolerance, sex, and body weight. A question of importance is whether these parameters per se influenced the bile acid kinetics.
Biliary tract disease was most common among the patients with hyperlipoproteinemia type IV (11 out of 27 patients, 41%). Previous studies (8) (9) (10) (8) (9) (10) , there was no indication that GBD interferes with bile acid formation. The high incidence of abnormal glucose tolerance (10 out of 27 patients) in hyperlipoproteinemia type IV is compatible with previous observations (1). There was no evidence that abnormal glucose tolerance was associated with specific changes of bile acid kinetics.
In the present, as in several other studies dealing with hyperlipoproteinemia (2-4, 6, 7, 28) women are overrepresented among the subjects with type II and men among those with type IV. This phenomenon may be of importance to consider since the present results indicate the existence of small sex differences in bile acid kinetics. Qualitatively in subjects with the type Ha lipoprotein pattern, the formation of C tended to be more important relative to CD in men than in women. However, although not significantly demonstrated in all subgroups, the conclusions above concerning the qualitative characteristics of bile acid turnover in the various types of hyperlipoproteinemia seem to be valid for both sexes.
Quantitatively, bile acid synthesis appeared to be somewhat higher in the males than in the females of all the four major groups studied (Fig. 2) . A similar tendency for bile acid excretion to differ between men and women has been noted by Miettinen (7) . It was not established whether these differences in the present subjects were secondary to differences in body weight and/or serum lipid levels (see below) as opposed to other factors.
Excessive body weight, which is often associated with hypertriglyceridemia, has been reported to be associated with increased cholesterol and bile acid synthesis (7, 29) . Miettinen (7) found a positive correlation between body weight and the fecal excretion of neutral, acidic, and total steroids and concluded that cholesterol elimination calculated per kilograms body weight was of equal magnitude in hypertriglyceridemic and control subjects. The present study demonstrated that the actual body weight showed no linear relationship to bile acid turnover unless the calculations were made from the logarithmic values of the latter parameter.
Other reports indicate that the serum triglyceride concentration rather than obesity is primarily related to cholesterol and bile acid formation (6, 30) . This concept is not fully supported by the present investigation as no significant relationship was found between bile acid synthesis and triglyceride levels in the separate groups of subjects. More suggestive, however, are the results in the five patients studied before and after moderate weight reduction, which resulted in a marked decrease both in the triglyceride level and in bile acid turnover. In these subjects the synthesis of C and the total formation of bile acids were correlated to the serum triglyceride level rather than to the actual or relative body weights of the subjects. The effects of weight reduction in moderately obese normal and hyperlipoproteinemic subjects have been investigated recently (28) . Obesity was found to have a modest influence on a number of metabolic variables (insulin resistance, fasting insulin and triglyceride levels, and very low density lipoprotein (VLDL)-triglyceride production rate) but did not appear to be the sole determinant of any of them. The influence of overweight on these various parameters and possibly also on bile acid and cholesterol formation may show extensive interindividual variability.
Hyperlipoproteinemia may be due to an abnormal metabolism of the intact lipoprotein, the protein moiety or any of its lipid constituents. In patients with the type II lipoprotein pattern, the synthetic rate of low density lipoprotein, ,-lipoprotein (LDL apoprotein) is within normal limits but the fractional catabolic rate of LDL is reduced and the LDL half-life prolonged (31) . In patients with this disorder, the metabolic fate of the cholesterol moiety in LDL seems to parallel that of the apoprotein (29, 32) .
In keeping with the findings above, the present patients with hyper-P-lipoproteinemia had a normal synthetic rate of the main cholesterol degradation products, i.e., the bile acids. Although not significant, their fractional turnover rates tended to be subnormal. However, the most impressive abnormality of bile acid kinetics was of a qualitative rather than a quantitative nature. Preliminary results (Einarsson, Hellstrdm, and Kallner, to be published) demonstrate that the fecal excretion of neutral steroids, and thus the cholesterol balance, is within the normal range.
Additional information on the mechanism causing hyper-P-lipoproteinemia may be obtained from the therapeutic response to cholestyramine. Treatment with this drug often results in a normalization of the type II lipoprotein pattern (33) . The effect is not achieved by a reduced LDL synthesis but is associated with an increased fractional catabolic rate of the LDL protein moiety (34) . The severalfold increase of bile acid turnover observed in patients with hyperlipoproteinemia type II during cholestyramine treatment is due predominantly to a stimulation of C synthesis, whereby the abnormally low ratio encountered between the C and CD synthesis changes to normal (35) . Thus the abnormal LDL metabolism in hyperlipoproteinemia type II appears to be closely linked to abnormal bile acid kinetics. The latter may or may not be the more fundamental defect.
The mechanisms primarily responsible for the accumulation of VLDL in hyperlipoproteinemia type IV
are not yet established. An increased formation and secretion of VLDL from the liver, has been observed (36, 37) . Nikkili and Kekki (37) also found that the inflow decreased upon administration of a clofibrate derivative, a therapeutic regimen which in this disorder is associated with a reduced bile acid formation (5, 38) . However, contradictory results, indicating defects in extrahepatic mechanisms for the removal of VLDLtriglyceride rather than an overproduction of the lipoproteins, have been reported repeatedly (39, 40) . If so, the formation of bile acids in hyperlipoproteinemia type IV could not be linked directly to VLDL synthesis or secretion rate. The large bile acid pool size so commonly encountered and the tendency for fractional bile acid turnover to be elevated in this disorder suggest a defect at intestinal level. Studies to evaluate this possibility are in progress.
